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GlsA, a J-protein chaperone, is required for the asymmetric divisions that set aside germ and somatic cell precursors during embryogenesis in
Volvox carteri, and previous evidence indicated that this function requires an intact Hsp70-binding site. To determine if Hsp70A, the only known
cytoplasmic Hsp70 in V. carteri, is the chaperone partner of GlsA, we investigated the localization of the two proteins during critical stages of
embryogenesis and tested their capacity to interact. We found that a substantial fraction of Hsp70A co-localizes with GlsA, both in interphase and
mitotic blastomeres. In addition, Hsp70A coimmunoprecipitated with GlsA, and co-expression of GlsA and Hsp70A variants partially rescued the
Gls phenotype of a glsA mutant, whereas neither variant by itself rescued the mutant phenotype. Immunofluorescence analysis demonstrated that
GlsA is about equally abundant in all blastomeres at all cleavage stages examined but that Hsp70A is more abundant in anterior (asymmetrically
dividing) blastomeres than in posterior (symmetrically dividing) blastomeres during the period of asymmetric division. We conclude that Hsp70A
and GlsA function as chaperone partners that regulate asymmetric division and that the relative abundance of Hsp70A in asymmetrically dividing
embryos may determine which blastomeres divide asymmetrically and which do not.
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Cellular diversity may be generated in at least two ways:
sibling cells that were identical at birth can be exposed to
dissimilar external signals that cause them to proceed down
different developmental paths or daughter cells can inherit
cytoplasm that is different in quality or quantity, also leading
them to take on different fates. The latter mechanism, termed
asymmetric cell division, requires strict control over the
positioning of the cell division apparatus to ensure that
cytoplasmic determinants that were asymmetrically segregated
within the pre-divisional cell are distributed properly into the
progeny and/or that the daughter cells are of the proper size and
shape. According to numerous studies in certain animal and
plant model systems, proper placement of cell division planes
seems to involve many types of proteins, including some that0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: stmiller@umbc.edu (S.M. Miller).act quite indirectly (such as secreted signaling molecules and
transcriptional regulators) and others that act more directly
(internal signal transduction molecules, molecular motors, and
cytoskeletal factors) to ultimately position the spindle to one
side of the cell (Ahringer, 2003; Cowan and Hyman, 2004;
Dogterom et al., 2005; Grill and Hyman, 2005; Hampoelz and
Knoblich, 2004; Nadeau and Sack, 2003; Scheres and Benfey,
1999). Much has been learned from these studies, but a
comprehensive view of the ways in which division symmetry
may be regulated is still lacking.
In the green alga Volvox carteri, visibly asymmetric
divisions establish two cell lineages that produce all the cells
present in the adult: ¨16 large asexual germ cells called
gonidia and several thousand small, biflagellate somatic cells
(Green and Kirk, 1981; Kirk, 1998). The size of a cell at the
end of cleavage determines which fate it will later assume (Kirk
et al., 1993), so asymmetric division is clearly indispensable for
normal development. Accordingly, mutants that cannot execute
asymmetric division make only small cells that all differentiate
into somatic cells and thus are called Gls, for Gonidialess (Kirk86 (2005) 537 – 548
www.e
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maintained in the background of a second mutation at the
somatic regenerator (regA) locus that permits somatic cells to
de-differentiate then re-differentiate into gonidia (Huskey and
Griffen, 1979; Kirk et al., 1999; Starr, 1970). Because gls
mutations do not affect symmetric divisions, they provide an
excellent route toward the identification of factors that are
required specifically for repositioning the cell division plane.
To date, the only gls gene that has been cloned is glsA,
which encodes a 748-aa protein (GlsA) that accumulates
specifically in embryos, localizes to the region of the spindle
during mitosis, and contains four evolutionarily conserved
domains, the J, M, SANT1, and SANT2 (originally named
WR1 and WR2) domains (Miller and Kirk, 1999). So far, the
M domain has been identified only in orthologs of GlsA, and
little is known about it except that in mouse MIDA1 it binds
the muscle-promoting transcription factor Id1 (Shoji et al.,
1995). The SANT domains of several proteins that are not
otherwise related to GlsA, all of which belong to chromatin
remodeling complexes, have been shown to bind histones
(Boyer et al., 2002, 2004; Yu et al., 2003), but it appears that
not all SANT domain proteins function as regulators of
transcription (Kroczynska et al., 2004). Nothing is known
about the function of the M or SANT domains in GlsA, but the
J domain is known to be crucial for its asymmetric division
function (Miller and Kirk, 1999).
In the many other proteins that possess a J domain (J
proteins), its only known function is to bind an Hsp70 partner
and activate its ATPase activity (Bukau and Horwich, 1998;
Kelley, 1998; Tsai and Douglas, 1996). J proteins are modular
in structure and possess additional protein-binding domains
and so are believed to act as molecular adaptors that target their
Hsp70 partners to specific substrates. Hsp70s are molecular
chaperones that participate in the folding of nascent polypep-
tides, translocation of proteins across intracellular membranes,
assembly and disassembly of macromolecular complexes, and
the degradation of damaged proteins (Gething and Sambrook,
1992; Hartl, 1996; Young et al., 2003). Each of these activities
results from the ability of Hsp70s to undergo repeated ATP-
dependent bind-and-release cycles to alter the folding proper-
ties (and typically the functions) of their substrates (Bukau and
Horwich, 1998). Hsp70 chaperones play a role in regulating
nearly every major cellular process, including DNA replication,
transcription, translation, signal transduction, and progression
through the cell cycle (Bukau and Horwich, 1998; Craig, 1989;
Craig et al., 1990; Helmbrecht et al., 2000; Horton et al., 2001;
Polissi et al., 1995).
The fact that GlsA is inactivated by mutation of its J domain
led us to postulate that it must interact with an Hsp70 partner to
carry out its asymmetric division function (Miller and Kirk,
1999). The characterization of such an Hsp70 partner could
provide important clues into the manner in which division
symmetry is regulated in V. carteri. Previously, we cloned a
heat-shock-inducible hsp70 and demonstrated that the protein
it encodes (Hsp70A) is probably the only cytoplasmic Hsp70
in V. carteri (Cheng et al., submitted for publication). To
determine if Hsp70A is a chaperone partner of GlsA, here, wesought to determine whether these proteins co-localize in
embryos and whether they interact. We found that substantial
amounts of Hsp70A and GlsA are distributed similarly in the
cleaving embryo, that Hsp70A co-immunoprecipitates with
GlsA, and that co-expression of mutant variants of the two
proteins can partially rescue the Gls phenotype of a glsA
mutant. These results confirm that GlsA and Hsp70A do indeed
function together in asymmetric division. Furthermore, we
found that Hsp70A and GlsA co-localize with histones and that
Hsp70A (but not GlsA) accumulates to higher levels in the
anterior hemisphere of the embryo where asymmetric division
occurs than in the posterior hemisphere during the asymmetric
division period. Based on this and other evidence, we propose a
model to explain the roles of GlsA and Hsp70A in regulating
asymmetric cell division in V. carteri.
Materials and methods
Volvox strains, cultivation conditions, and phenotypic analysis
All V. carteri strains were cultured in standard Volvox medium (SVM) at
32-C with a 16-h light:8-h dark growth regimen (Kirk et al., 1999). Strains
EVE (Adams et al., 1990), 22gls1 and 22gls1-NRG (Miller and Kirk, 1999),
and 132/116/1 and RegC4 (Cheng et al., submitted for publication) were
described previously. Strain GlsM was obtained as a zeocin-resistant co-
transformant of 22gls1 that expresses the HA-tagged GlsAD147N that is
described below, as verified by immunofluorescence using the anti-HA-
antibody 12CA5. The GlsM-HspM transformants were then obtained as Nit+
co-transformants of GlsM that express HA-tagged Hsp70AR175H (also
described below); expression of HA-Hsp70AR175H was verified in each case
by Western blot analysis, using antibody 12CA5. Strain 22gls1-388 was
obtained as a Nit+Gls+ co-transformant of 22gls1 that expresses HA-tagged
GlsA. For phenotypic analysis, culture flasks were inoculated at low density
(¨100 individuals per 300 ml of medium), and gonidia were counted in ¨200
randomly chosen progeny 3 days later. All counts were performed on duplicate
cultures. Data were analyzed by ANOVA (analysis of variation) using the SAS
GLM procedure (Version 8.0, SAS Institute, 1999); post hoc comparisons of
means were carried out by Tukey’s test (Zar, 1996). GlsM-HspM transformants
as a group were compared with each of the three control strains (22gls1, GlsM,
and HspM) by separate ANOVA.
Nuclear transformation and DNA and RNA methods
Co-transformation of Volvox with nitrate-reductase encoding plasmid
pVcNR15 and selection of Nit+ transformants were as described in Kirk et
al. (1999). Co-transformation of Volvox with plasmid pzeoF and selection for
zeocin-resistant transformants were also described previously (Hallmann and
Rappel, 1999).
V. carteri DNA was isolated as described in Miller and Kirk (1999), and
cell- and stage-specific RNAs were kindly provided by L-W. Tam and D.L.
Kirk. RNA gel blot analysis, preparation of probe fragment P1, and
normalization of hsp70A signals against signals obtained following hybrid-
ization of the same blot with a radiolabeled probe derived from the V. carteri
gene that encodes ribosomal protein S18 were as described in Kirk et al.
(1999). Sequencing was by the dideoxy chain termination method (Sanger et
al., 1977), using Big Dye sequencing mixes and an ABI Prism automated
sequencer.
Plasmid pHsp-HA, which contains an insert that encodes an Hsp70A
variant tagged with the influenza hemaglutinin (HA) epitope (Atassi and
Webster, 1983), was generated as described in Cheng et al. (submitted for
publication). The hsp70A-HA transgene it carries contains ¨2.0 kb of 5V-non-
coding sequence and is regulated like endogenous hsp70A. Plasmid pTGG,
which contains a ¨9.8-kb insert that encodes (in N-to-C sequence) a V. carteri
h-tubulin promoter, a C. reinhardtii-codon-optimized version of green fluore-
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GGGGAGCTCATGCGTGAGGTCATTTCCATC-3V) and Tub-Xho (5V-
GGGGCTCGAGGGTTGATTTTAGACGGAAACG-3V) were used in a PCR
with V. carteri genomic DNA from strain RegC4 as template to amplify a 708-
bp h2-tubulin gene promoter fragment (that contains 521-bp upstream of the
start codon, the first exon, the first intron, and two codons of the second exon)
flanked by SacI and XhoI sites at its 5V and 3V termini, respectively. Primers
GFP-Xho (5V-GGCTCGAGATGGCCAAGGGCGAGGAGCTGT-3V) and GFP-
Sac (5V-GGGAGCTCCTTGTACAGCTCGTCCATGCCG-3V) were used in a
PCR with A C. reinhardtii-codon-optimized GFP gene (CrGFP; Entelechon
GmbH, Regensburg, Germany) as template to amplify a GFP-encoding
fragment with an XhoI site just upstream of the start codon (bp 64 of the
CrGFP sequence) and a SacI site just downstream of the last codon (bp 786 of
CrGFP). The h2-tubulin and GFP gene fragments were subcloned separately
into pGEM (Promega, Madison, WI) then excised by double digestion with
XhoI and SacI and ligated in a three-way reaction together with XhoI and SacI
digested pBluescript KS to produce plasmid pTG. Restriction digests and
sequencing confirmed that the fragments had been ligated in the proper
orientation and that no PCR-induced mutations were incorporated into the
products. pTG was digested with SacI, and the resulting ¨1.5-kb fragment was
ligated in frame with a 11.3-kb SacI fragment of plasmid pLV377 (Miller and
Kirk, 1999) that contains all of the glsA gene except for the first 12 codons and
all sequence upstream of them to generate plasmid pTGG.
Plasmid pHspm, which contains an insert that encodes an HA-tagged
version of the Hsp70A variant called Hsp70AR175H, was generated as follows.
First plasmid pH126 was synthesized by amplifying plasmid pHsp-HA with
primers pHsp5M (5V-GCCGCTGCTATTGCCTACGGCTTGGAC-3V) and
pHsp3M (5V-CGTTGGCTCGTTGATGATATGGAGCAC-3V) and then circu-
larizing the product. Primer pHsp3M contains a 1-nucleotide mismatch with
respect to its binding site in hsp70A, which causes the R175H modification. A
310-bp NcoI –EagI fragment of pHm126 that contains this PCR-generated
mutation (and no others, as determined by sequencing) was used to replace the
corresponding region of plasmid pHsp-HA to generate plasmid pHspm.
Plasmid pGlsm, which contains an insert that encodes an HA-tagged
version of the GlsA variant called GlsAD147N, was generated as follows. First,
plasmid LV456-1 (which contains the 2.2-kb BalI –MluI fragment of glsA
cloned into the BalI and MluI sites of a pBluescript II KS derivative) was
amplified in a PCR with primers pGls5M (5V-CCTCATTAATGTCACGGAC-
GAGGCGG-3V) and pGls3M (5V-GCCTTATTCGGGTGGTTCTCCAGAC-3V),
and the product was circularized to produce plasmid pGm1. Primer pGls3M
contains a 1-nucleotide mismatch with respect to its binding site in glsA, which
causes the D147N modification. The 171-bp BalI –StyI fragment of pGm1,
which contains this PCR-generated mutation (and no others, as determined by
sequencing), was used to replace the corresponding fragment of plasmid LV388
to create plasmid pGlsm.
Plasmid pTGGM4 was produced by replacing the ¨1.7-kb SacI fragment
of pGlsm, which contains bp 1704 to +36 of the glsA gene (with the first base
of the start codon designated as +1), with the ¨1.5-kb SacI fragment from
plasmid pTGG.
Protein accumulation studies with HA-tagged Hsp70A and GlsA
Western and immunofluorescence analyses were performed essentially as
described previously (Miller and Kirk, 1999), with the following modifications.
For Western analyses, nonfat-dried milk was used as blocking reagent at 10%
final concentration, the primary antisera (12CA5, an anti-HA monoclonal in
ascites fluid; kindly provided by L. Ellis, Washington University and Living
Colorsi Full length A.v. Polyclonal Anti-GFP antiserum, Clontech Labora-
tories, Mountain View, CA) were both used at 1:500 dilution, and the secondary
antibodies (goat-anti-mouse and goat-anti-rabbit HRP-conjugates) were used at
1:10,000 dilution. Relative protein concentrations were determined with a Bio-
Rad DC assay kit (Bio-Rad Laboratories, Hercules, CA). For indirect
immunofluorescence analyses, mouse monoclonal anti-histone antibody
MAB052 (isotype IgG2a; Chemicon International Inc., Temecula, CA; 1:500
dilution), rat monoclonal anti-a-tubulin antibody MCAP77 (Accurate Chemical
Co., Westbury, NY; 1:200 dilution), and mouse monoclonal anti-HA-epitope
antibody 12CA5 (isotype IgG2b; 1:10 dilution) were used as primary
antibodies. Goat anti-mouse IgG2a (g2a) Alexa Fluor\ 647 conjugate, goatanti-rat IgG Alexa Flour\ 488 conjugate, and goat anti-mouse IgG2b (g2b)
Alexa Fluor\ 568 conjugate (all from Molecular Probes, Eugene, OR, and all at
5Ag/ml) were used as secondary antibodies. Images were collected with a Leica
TCS4D confocal laser scanning microscope. Three-dimensional reconstructions
of embryos were assembled from stacks of embryo images by Volocity
software, version 3.0 (Improvision Inc., Lexington, MA).
Immunoprecipitation of Hsp70A and GlsA
Somatic cells were separated from the gonidia and embryos of asynchronous
cultures as described by Kirk and Kirk (1985) and discarded. The embryo/
gonidial fraction was washed and resuspended in lysis buffer that contained 150
mM NaCl, 20 mM HEPES pH 7.5, 250 mM sucrose, 1 mM Na molybdate, 1%
NP40, and a 1 protease-inhibitor cocktail (complete, mini, EDTA-free; Roche
Diagnostics Corp., Indianapolis, IN), and the mixture was sonicated at 300 W,
using two 30-s pulses, with 30-s incubations on ice between pulses. After an 8-
min centrifugation at 13,000 rpm at 4-C, the supernatants were filtered through
glass wool to remove debris. Filtered extract (400 Al) was added to 500 Al lysis
buffer, then 3 Al anti-GFP antiserum was added, and the mixture was agitated
gently for 3 h. A 50-Al aliquot of Protein G Sepharose\ 4 Fast Flow slurry (50%
beads and 50% buffer; Pharmacia Biotech, Piscataway, NJ) was equilibrated
four times with IP buffer (lysis buffer without protease inhibitors) and then
incubated with the extract–antibody mixture for 3 h. Then, the beads were
washed five times (with 2 min agitation per wash) with 1 ml lysis buffer and
collected by centrifugation at 1000 rpm. Bound proteins were eluted with 20
Al SDS sample buffer (50 mM Tris–Cl, pH 6.8, 100 mM DTT, 2% SDS, 1%
bromophenol blue, 10% glycerol) by boiling for 5 min. The eluates were subject
to SDS-PAGE and analyzed by Western blot analysis as described above.
Results
Developmental expression of hsp70A
Previous evidence led to the hypothesis that Hsp70A acts
with GlsA to bring about asymmetric division in V. carteri:
GlsA requires an intact Hsp70-binding site to execute its
asymmetric division function, and Hsp70A appears to be the
only cytoplasmic Hsp70 in V. carteri (Cheng et al., submitted
for publication). To ascertain whether maximal hsp70A
expression is coincident with asymmetric division, we first
used RNA gel-blot analysis to measure hsp70A transcript
levels in total RNAs prepared from purified somatic cells,
gonidia, or embryos from selected developmental stages. We
found that hsp70A mRNA levels were low in somatic cells
isolated from individuals containing 1–2 cell embryos, and
also in pre-cleavage gonidia, 1–2 cell embryos, and post-
cleavage embryos. In contrast, hsp70A transcripts were at least
6-fold more abundant in 16–32 cell embryos, which are
preparing for and/or undergoing the first round of asymmetric
division (Figs. 1A, B).
To determine whether Hsp70A protein induction follows a
similar pattern, we prepared protein extracts for Western blot
analysis from synchronized cultures of strain 132/116/1, which
expresses an epitope-tagged version of Hsp70A (Hsp70A-HA)
that is recognized by the anti-HA antibody 12CA5 and thus can
be distinguished from Hsp70A paralogs (Cheng et al.,
submitted for publication). Like hsp70A transcripts, Hsp70A
protein accumulated to only low levels in pre-cleavage gonidia,
and in 1–2 cell and post-cleavage embryos, but accrued to
much higher levels in embryos shortly before and during the
first round of asymmetric divisions (Fig. 1C). Therefore,
Fig. 1. Accumulation of hsp70A transcripts and Hsp70A protein at selected
stages during development. (A) Schematic diagram depicting the asexual life
cycle of EVE (our standard wild-type strain of V. carteri), with arrows
indicating the time points at which RNA and/or protein samples were isolated.
(B) Northern blot analysis of total RNAs isolated from wild-type cells at the
following stages: E0, embryos in very early cleavage (¨1- to 2-cell stage); E2,
mid-cleavage embryos (¨16- to 32-cell stage); E6, late-cleavage embryos; G42,
pre-cleavage gonidia; S0, somatic cells from the same developmental stage as
E0. S18 (bottom panel) is a constitutively expressed cDNA used as a loading
control. (C) Western blot analysis of equal amounts of proteins extracted from
pre-cleavage gonidia (G42), hour-0 embryos (E0), hour-1 embryos (E1), hour-2
embryos (E2), hour-3 embryos (E3), hour-6 embryos (E6), and hour-30
spheroids containing parental somatic cells plus juveniles (juv) of the Hsp70A-
HA expressing strain 132/116/1 probed with the anti-HA antibody, 12CA5. It is
important to note that Hsp70A-HA was easily detected at all stages examined
but that the exposure time for the blot shown was deliberately reduced to
highlight differences in Hsp70A accumulation during these stages.
Q. Cheng et al. / Developmental Biology 286 (2005) 537–548540hsp70A appears to be developmentally regulated, at both the
transcript and protein abundance levels, such that peak
expression occurs just before and during the stages when
asymmetric divisions occur.Intracellular distribution of Hsp70A in early embryos
Previously, it was shown that GlsA localizes to the region
of the spindle during mitosis in dividing cells of early
embryos (Miller and Kirk, 1999). To determine whether
Hsp70A co-localizes with GlsA during early cleavage, we
fixed and stained 2- to 4-cell embryos of strain 22gls1-NRG
(which expresses HA-tagged GlsA) for HA-GlsA and tubulin
and 2- to 4-cell embryos of 132/116/1 for Hsp70A-HA and
tubulin and examined both by fluorescence microscopy.
Confocal sections ¨500 nm were taken approximately
halfway between the top and bottom of the nuclei or spindles
that are shown.
As demonstrated previously, most of the GlsA present
during mitosis is located in and around the spindle but
extends somewhat beyond it (Figs. 2A–C), while during
interphase GlsA is found primarily in the nucleus (except for
the central-most part of it, which is where the nucleolus is
known to be located; Figs. 2D–F). Similarly, during mitosis,
most of the Hsp70A is found in the vicinity of the spindle
(although it is often distributed a bit more broadly than GlsA
is; Figs. 2AV–CV). During interphase, Hsp70A, like GlsA, is
most abundant in all but the central-most part of the nucleus
(Figs. 2DV–FV).
To determine more precisely how GlsA and Hsp70A are
distributed with respect to nuclear chromatin, we double-
stained 2- to 4-cell embryos with antibodies directed against
histones and the HA-epitope. During mitosis, most of the HA-
GlsA localized in the region known to be occupied by the
spindle (consistent with results in Fig. 2B), and some of it
again clearly co-localized with the histones (Figs. 3A–C).
During interphase, HA-GlsA co-localized extensively with
histones in all but the central-most region of the nucleus (Figs.
3D–F). A very similar distribution pattern was observed for
Hsp70A-HA: co-localization with histones plus the spindle
during mitosis (Figs. 3AV–CV) and co-localization with
histones in all but the central-most part of the nucleus during
interphase (Figs. 3DV–FV). In comparison with GlsA, however,
a larger fraction of the Hsp70A appears to be located outside
the nucleus, in both mitotic and interphase cells (Figs. 3DV–
FV). In short, substantial fractions of GlsA and Hsp70A appear
to co-localize with histones and each other during mitosis and
interphase.
Hsp70A and GlsA are interacting chaperone partners
The association between a J protein and its Hsp70 partner
is usually transient, but it is sometimes stable enough to
permit co-immunoprecipitation of one of these proteins by an
antibody that binds the other (e.g., Becker et al., 2004;
Sullivan et al., 2001). To establish whether GlsA and Hsp70A
associate in the same complex, we used anti-GFP antiserum to
immunoprecipitate GFP-GlsA fusion proteins from extracts of
three V. carteri strains that all express an hsp70A-HA
transgene contained on plasmid pHsp-HA (Fig. 4A), then
we tested the immunoprecipitates for the presence of Hsp70A-
HA. As expected, no Hsp70A-HA could be detected in the
Fig. 2. Indirect immunofluorescence analysis of HA-GlsA, Hsp70A-HA, and tubulin in 2-cell embryos in second metaphase (A–C, AV–CV) and 4-cell embryos in
interphase (D–F, DV–FV). (A–F) Embryos of strain NRG (which expresses HA-tagged GlsA) and (AV–FV) embryos of strain 132/116/1 (which expresses HA-tagged
Hsp70A) were stained with anti-tubulin antibody (green) and anti-HA antibody (red) and imaged by laser scanning confocal microscopy. Images shown were
collected about halfway between the top and bottom of the spindles or nuclei. M, mitosis; I, interphase.
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expresses Hsp70A-HA but no GFP fusion protein (Fig. 4B,
lanes 1 and 5). However, anti-GFP antibody did pull down
Hsp70A-HA from extracts of a strain that expresses both
Hsp70A-HA and a ‘‘wild-type’’ GFP-GlsA fusion construct
(carried on a plasmid called pTGG that rescues the Gls
phenotype of the glsA mutant 22gls1; P. Hong, Q. Cheng, and
S. Miller, unpublished results) (Fig. 4A; Fig. 4B, lanes 3 and
7). These results demonstrated that GlsA and Hsp70A
associate together in V. carteri embryos.
Because Hsp70A appears to be the only cytoplasmic
Hsp70 in V. carteri, it undoubtedly interacts with numerous
proteins via its substrate-binding domain, so it was formally
possible that the Hsp70A that immunoprecipitated with GlsA
in the experiment described above might have bound GlsA as
a substrate, and not as a chaperone partner. To determine if
this might be the case, we tested the ability of Hsp70A-HA to
co-immunoprecipitate with a variant GFP-GlsA fusion protein
(GFP-GlsAD147N; encoded by plasmid pTGGM4, Fig. 4A),
which contains a mutation in the J-domain residue that is
invariably required for binding to the ATPase domain ofHsp70. Hsp70A-HA did not co-immunoprecipitate apprecia-
bly with this mutant GFP-GlsA (Fig. 4B, lane 6) despite the
fact that both proteins were present at about the same levels
as their counterparts in the extract from the strain that
expressed the wild-type GFP-GlsA (Fig. 4B, lanes 2 and 9)
and that the mutant GFP-GlsA was immunoprecipitated
efficiently by anti-GFP antibody (lane 13). These findings
demonstrate conclusively that Hsp70A binds GlsA as a
chaperone partner.
The Hsp70A and GlsA interaction is relevant for asymmetric
division
To test whether the interaction between GlsA and Hsp70A
is relevant for asymmetric division, we expressed variants of
Hsp70A and GlsA together in the glsA mutant 22gls1 and
analyzed their capacity to rescue its Gls phenotype by allele-
specific suppression. Our strategy was guided by studies
conducted previously on E. coli J proteins DnaJ and DjlA,
which interact with DnaK to stimulate the transcriptional
activation and DNA replication functions of other proteins.
Fig. 3. Indirect immunofluorescence analysis of HA-GlsA, Hsp70A-HA, and histones in 2-cell embryos in second metaphase (A–C, AV–CV) and 4-cell embryos in
interphase (D–F, DV–FV). Embryos of strain NRG (A–F, which expresses HA-tagged GlsA) and embryos of strain 132/116/1 (AV–FV, which expresses HA-tagged
Hsp70A) were stained with anti-histone antibody (green) and anti-HA antibody (red) then imaged by confocal laser scanning microscopy. Images were collected for
sections that were about halfway between the top and bottom of the spindles or nuclei. M, mitosis; I, interphase.
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the invariant J domain HPD tripeptide by asn, but the
resulting mutant phenotypes can be partially suppressed if the
J-domain mutants are co-expressed with a DnaK variant that
carries a compensatory mutation at a conserved ATPase
domain arginine residue (R167H) (Genevaux et al., 2001; Suh
et al., 1998).
First, we generated modified glsA and hsp70A genes (driven
by their native promoters; Fig. 5A) that encode HA-tagged
versions of GlsA and Hsp70A that bear (respectively) a J-
domain substitution that is analogous to the substitution
described above for DnaJ and DjlA (HA-GlsAD147N), and an
Hsp70 ATPase domain substitution analogous to that described
above for DnaK (Hsp70A-HAR175H), and then transformed
each separately into 22gls1. None of the resulting HA-
GlsAD147N-expressing (‘‘GlsM’’) transformants nor any of the
Hsp70A-HAR175H-expressing (‘‘HspM’’) transformants were
rescued for the Gls phenotype (Fig. 5B and data not shown),
demonstrating that neither HA-GlsAD147N nor Hsp70A-
HAR175H is able to cure the Gls defect by itself as the wild-
type HA-GlsA transgene does (Fig. 5B).One of the GlsM transformants was subsequently co-
transformed with the selectable marker nitA plus the transgene
that encodes Hsp70A-HAR175H. Nine Nit
+ transformants were
obtained, 6 of which were partially rescued for the Gls
phenotype to slightly different extents (data not shown). The
transformants that were rescued were found to express the
transgene, while the three strains that were not rescued at all
did not express Hsp70A-HAR175H at all (data not shown). The
maximum number of gonidia per spheroid seen while
screening dozens of cultures and millions of individuals from
the parental 22gls1 strain, or any of the GlsM transformants,
was four, and spheroids with four gonidia were rare. In
contrast, spheroids with 5 or more gonidia were regularly
observed in cultures of all six GlsM-HspM double transfor-
mants (Fig. 5B plus data not shown), and, in some cases,
spheroids with as many as eight gonidia were seen. On
average, GlsM-HspM transformant spheroids contained more
than twice as many gonidia as GlsM or 22gls1 spheroids, with
the difference being highly significant statistically (F1,3917 =
404, P < 0.0001). Nevertheless, the GlsM-HspM spheroids
contained significantly fewer gonidia than the 22gls1–388
Fig. 4. Co-immunoprecipitation of Hsp70A with GlsA. (A) Schematic representations of the glsA and hsp70A constructs introduced into V. carteri to generate
transformants from which proteins were immunoprecipitated. Construction details are given in the Materials and methods section. (B) Co-immunoprecipitation
analysis. Cell lysates were either subjected to SDS-PAGE directly (‘‘Input’’, lanes 1–3 and 8–10) or incubated with anti-GFP antisera and protein G beads, after
which the proteins that pelleted with the beads were subjected to SDS-PAGE (‘‘IP’’, lanes 4–7 and 11–14). Nitrocellulose blots were reacted with either anti-HA
antibody to detect Hsp70A-HA (lanes 1–7) or with anti-GFP antibody to detect GFP-GlsA (lanes 8–14).
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Therefore, we conclude that GlsAD147N is partially suppressed
by Hsp70AR175H, which clearly demonstrates that an interac-
tion between Hsp70A and GlsA is essential for asymmetric
cell division.
At the time of asymmetric division, Hsp70A is most abundant in
the region of the embryo where the asymmetrically dividing
blastomeres are located
Previously, we found that GlsA and Hsp70A accumulate
similarly in 2- to 4-cell embryos: although Hsp70A is
distributed somewhat more broadly throughout the cytoplasm,
both it and GlsA localize to the spindle region during mitosis
and co-localize with chromatin during interphase. Moreover,
the distribution of each is similar in all blastomeres during
these early cleavage stages (Figs. 2 and 3, and data not
shown). Having established that both GlsA and Hsp70A
function in asymmetric division, it clearly became important
to learn how both proteins are distributed at later stages,
particularly at stages when anterior blastomeres are cleavingasymmetrically. Therefore, we next examined the distribution
of GlsA and Hsp70A in 4- to 128-cell embryos. First, we
examined 3D reconstructions of confocal images of immu-
nofluorescence patterns of strain 22gls1-NRG embryos that
were double-stained with anti-HA and anti-histone antibodies.
At every cleavage stage and in every embryo examined, GlsA
appeared to be present at about the same level in all
blastomeres and with the distribution pattern seen previously
in 2- to 4-cell embryos (histone/GlsA double-stained embryos
shown in Figs. 6A–F). Next, we repeated this procedure for
embryos of strain 132/116/1, which express Hsp70A-HA.
Like GlsA in pre-32-cell embryos, Hsp70A was distributed in
the same manner, and accumulated to the same extent, in all
blastomeres of 4- to 16-cell-stage embryos (Figs. 6AV–CV).
Strikingly, however, in every 32-, 64-, and 128-cell-stage
embryo examined, Hsp70A was significantly more abundant
in the anterior region of the embryo where the asymmetrically
dividing cells are located (Green and Kirk, 1981, 1982) than
it is in the posterior where all cells divide symmetrically
(Figs. 6DV–FV). Thus, in contrast to GlsA, during the period
of asymmetric division, Hsp70A accumulates preferentially in
Fig. 5. Allele-specific interaction between GlsA and Hsp70A variants. (A)
Schematic representations of the variant glsA and hsp70A genes expressed in
the glsA mutant strain 22gls1 to test for suppression of the Gls phenotype. glsA-
pro and hsp70A-pro indicate native promoters; gray boxes indicate locations of
HA-epitope tags; asterisks indicate where mutations were introduced. Construct
details are described in the Materials and methods section. (B) Bar graph
showing the distribution of numbers of gonidia per spheroid (x axis) observed
in a count of ¨200 randomly chosen individuals of the parental strain, 22gls1,
and four transgenic derivatives of it. GlsM expresses pGlsm, HspM expresses
pHspm, GlsM + HspM expresses both pGlsm and pHspm, and GlsWT carries a
wild-type glsA gene.
Fig. 6. Distributions of GlsA and Hsp70A in 4- to 128-cell embryos. Embryos
of strains 22gls1-NRG (which expresses HA-GlsA, left column) and 132/116/1
(which expresses Hsp70A-HA, middle column) were dual-stained with anti-HA
antibody (red) and anti-histone antibody (green) to detect the HA-labeled
chaperones and chromatin, respectively. The samples were analyzed by
confocal laser scanning microscopy, and sections along a Z-series were
collected and reconstructed into 3D representations by Volocity software; al
embryos are shown with their anterior pole up, with the red and green channels
merged. The embryonic stages shown are, from top to bottom, 4-cell (A, AV), 8
cell (B, BV), 16-cell (C, CV), 32-cell (D, DV), 64-cell (E, EV), and 128-cell (F, FV)
It is important to note that Hsp70A-HA was easily detected in posterio
blastomeres of the 132/116/1 embryos at the 32- to 128-cell stages, bu
exposure times for those images were deliberately reduced in order to highligh
the difference in staining intensities between the anterior and posterior
hemispheres. The right hand column contains drawings of idealized embryos
at the 4- to 64-cell stages (adapted from drawings provided by D. Kirk). In each
drawing, one quadrant of cells is labeled to indicate cell lineages (e.g., the 1,2
cell cleaves to produce cells 1,3 and 2,4, which cleave to produce cells 1 and 3
and 2 and 4, respectively. In the 32-cell embryo shown to the right of pane
(DV), blastomeres 1a, 1p, 2a, and 2p are destined to cleave asymmetrically in the
next round to produce large–small sister-cell pairs, represented in the next row
as large stippled cells and smaller white cells connected by arrows.
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Discussion
Hsp70A and GlsA interact as partner chaperones to regulate
asymmetric division
When we discovered that GlsA requires an intact J domain
in order to execute its essential asymmetric division function,
we hypothesized that GlsA must interact with an Hsp70 partner
in order to carry out that important function (Miller and Kirk,
1999). Here, we provided the following strong support for that
hypothesis: we demonstrated that Hsp70A co-immunoprecipi-
tates with a functional version of GlsA, but not with a version
of GlsA that contains a mutated J domain, demonstrating that
the two proteins interact as partner chaperones (Fig. 4).
Furthermore, we showed that neither GlsAD147N alone nor
Hsp70AR175H alone could cure the asymmetric division defect
of the Gls mutant 22gls1 but that they could partially cure that
phenotype when they were expressed together (Fig. 5). On
average, transformants that co-expressed those variant GlsA
and Hsp70A proteins produced more than twice as many
gonidia as either the original mutant (22gls1) or the transfor-
mants that expressed either one of the mutant proteins alone,
and we established that this difference was highly significant
statistically (P < 0.0001).The rescue achieved by co-expression of the variant
chaperones was not as extensive as that achieved by
expression of wild-type HA-GlsA. There are several plausiblel
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tion between the D147N J domain and the R175H ATPase
domain may be weaker than the interaction between the wild-
type domains and therefore not sufficient to permit full
rescue. Furthermore, the epitope-tagged versions of GlsA and
Hsp70A might not interact as efficiently as the untagged
proteins would, and it is also not known whether Hsp70A-HA
functions as well as wild-type Hsp70A in the context
of asymmetric division. There have been two previously
reported examples of in vivo allele-specific interactions by
variant E. coli J-protein/Hsp70 pairs that carried mutations
equivalent to the ones contained by GlsA and Hsp70A in this
study. In one study, DnaJD35N and DnaKR167H interacted with
each other as well as wild-type DnaJ and DnaK and, when
expressed together, fully rescued the mutant phenotype
exhibited by strains that carried either single mutant (Suh et
al., 1998). In the second study, however, variants DjlAD235N
and DnaKR167H were able to restore only ¨35% of the wild-
type function that was lost when either wild-type protein was
inactivated (Genevaux et al., 2001). Therefore, proteins with
these particular amino acid replacements appear to interact
better in some contexts than in others. Taking all of the above
factors into consideration, it is not particularly surprising that
co-expression of GlsAD147N and Hsp70AR175H only partially
rescued the Gls phenotype of 22gls1, and we believe that the
suppression that was observed provides convincing evidence
that GlsA and Hsp70A function as interacting partners in
asymmetric division.
The intracellular distributions of Hsp70A and GlsA are similar,
and both proteins co-localize extensively with chromatin
As would be expected for proteins that interact to carry out a
common function, there is substantial overlap in the intracel-
lular distributions of Hsp70A and GlsA. Previously, it was
demonstrated that most of the GlsA in mitotic blastomeres of
early embryos localizes to the region of the spindle (Miller and
Kirk, 1999), and, here, we showed that the same is true for
Hsp70A, except that Hsp70A extends outward from the spindle
to a somewhat greater extent than GlsA does (Fig. 2). In this
context, it is important to note that in examining hundreds of
similarly labeled embryos we have never detected strict co-
localization of either Hsp70A or GlsA with microtubules.
Furthermore, neither protein is more abundant on or near the
basal bodies (the centrosome equivalents) or the microtubule
rootlets that are attached to the basal bodies and nucleate the
cleavage microtubules that define each cleavage furrow (Kirk,
1998) than it is in surrounding regions. This leads us to
question whether the asymmetric division function carried out
by these proteins is likely to involve any kind of direct
interaction with the division apparatus.
Interestingly, during interphase, both GlsA and Hsp70A
co-localize substantially with histones (Fig. 3) in all but the
most central part of the nucleus (where the large nucleolus is
known to be located; Kirk, 1998). A smaller fraction of each
protein also co-localizes with condensed chromatin during
mitosis. This distribution pattern is especially noteworthyconsidering that GlsA contains two C-terminal SANT
domains, which are typically found in proteins that participate
in regulating chromatin structure (Humphrey et al., 2001;
Sterner et al., 2002; You et al., 2001; Yu et al., 2003). The
SANT domains of some of these proteins have been shown to
interact directly with histones, a property that has led to the
speculation that one function of the SANT domain may be to
help stabilize the N-terminal tails of histones so that histone-
modifying enzymes can bind them (Boyer et al., 2004; de la
Cruz et al., 2005). The ability of GlsA to interact with
histones or to function in transcription has yet to be tested,
but others have shown that the mouse ortholog of GlsA,
MIDA1, stimulates transcription of reporter genes when co-
expressed with its Hsp70 partner (Yoshida et al., 2004). It
therefore seems quite possible that GlsA and Hsp70A may act
together to regulate transcription, perhaps by helping to
assemble or disassemble a chromatin regulatory complex or
by altering the activity of such a complex.
A possible role for Hsp70A in spatial control of asymmetric
division
In response to heat shock, hsp70A mRNA levels increase
rapidly, then they drop almost as precipitously as soon as the
heat shock is terminated (Q. Cheng et al., submitted for
publication). But under normal (non-heat-shock) conditions,
hsp70A transcript levels are low in gonidia prior to embryo-
genesis and in early (1- to 2-cell) embryos, but they peak
dramatically by the 16- to 64-cell stage then decline and are
relatively low in both presumptive cell types through the end of
cleavage (Fig. 1B). Presumably, the transient increase in
transcript abundance in mid-cleavage must be a result of an
increase in the synthesis or the stability of hsp70A mRNA at
this time, and so we plan to determine whether sequences just
upstream or downstream of the gene are able to confer the same
expression pattern on heterologous transgenes. Since hsp70A
transcripts may be polyadenylated at any of at least 4 different
sites (Q. Cheng et al., submitted for publication), it might be
particularly instructive to measure the relative abundance of
each species of hsp70A mRNA in mid-cleavage embryos to
determine if they accumulate differentially just before or during
the critical 32- to 64-cell stage.
Generally speaking, Hsp70A protein levels follow the
transcript accumulation pattern described above: they are low
at the start of embryogenesis, begin to rise during the second
and third cleavage cycles, peak in 16- to 64-cell embryos, then
begin to decline, returning to pre-cleavage levels by the time
the last round of cell divisions is complete (Fig. 1C). Therefore,
Hsp70A is maximally abundant in embryos just before and
during the asymmetric division period. This is in contrast to
GlsA, which is present in approximately equal quantities
throughout embryogenesis (Miller and Kirk, 1999).
Hsp70A appears to be the only cytoplasmic Hsp70 in V.
carteri (Q. Cheng et al., submitted for publication), so it
probably carries out multiple functions in 16- to 64-cell
embryos. But, the fact that it accumulates to its highest levels
during the asymmetric division period suggests that it may be
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discussed in more detail below. In any event, a number of
Hsp70s from other organisms, including plants (Chen et al.,
2004; Lin et al., 2001; Sung et al., 2001), worms (Cherkasova
et al., 2000), insects (Rinehart et al., 2000), and vertebrates
(Blechinger et al., 2002; Huang et al., 2001; Loones et al.,
2000; Luft and Dix, 1999; Morales et al., 1998; Zakeri and
Wolgemuth, 1987), are also developmentally regulated, and, in
at least some of these cases, the Hsp70 has been shown to be
critical for the normal production of specific tissues or organs
in a manner consistent with its basal (uninduced) expression
pattern. For instance, during embryogenesis in zebrafish, a
heat-shock-inducible Hsp70 is maximally expressed in embry-
onic tissues that give rise to the lens, and it is required for
normal lens development; and in chick embryos, Hsc70 is
upregulated during neurulation to prevent programmed cell
death of certain cells in the developing nervous system (Evans
et al., 2005; Rubio et al., 2002).
In light of those studies, the most intriguing finding from this
investigation is that, while Hsp70A accumulates to approxi-
mately the same level in all blastomeres of 4- to 16-cell embryos,
by the 32-cell stage, Hsp70A assumes a polar distribution
pattern and is strikingly more abundant in blastomeres within the
anterior hemisphere of the embryo (where asymmetric division
will occur) than in the posterior hemisphere. Whatever the cause
of this polarity – whether it arises from differential transcription,
unequal partitioning of Hsp70A into sister blastomeres during
cell division, asymmetric intercellular transport, or regional
differences in Hsp70A stability – it persists throughout the 32-
to 128-cell period (Fig. 6), during which the presumptive germ
cells are known to undergo several successive rounds of
asymmetric division (Green and Kirk, 1981). No other factors
have yet been shown to exhibit this sort of anterior–posterior
polarity in the V. carteri embryo.
The only thing that has previously been shown to occur
differently in the anterior and posterior hemispheres of the mid-
cleavage V. carteri embryo is asymmetric division. But,
although asymmetric divisions always occur in the region of
the embryo where we have found that Hsp70A is most
abundant, we cannot conclude definitively that there is a one-
to-one correspondence between blastomeres that possess an
elevated level of Hsp70A and blastomeres that will divide
asymmetrically. In the ideal case, precisely 16 blastomeres
located within the anterior portion of the embryo (as depicted
in Fig. 6) would undergo visibly asymmetric division in the 6th
cleavage cycle, and then their larger daughter cells would
divide asymmetrically again in the 7th and 8th cycle (Starr,
1970; Green and Kirk, 1981). But, very frequently, either fewer
or more than the ideal number of 16 blastomeres do so, making
it impossible to predict exactly which cells in any given 32-cell
embryo will divide asymmetrically (Gilles and Jaenicke, 1982;
Green and Kirk, 1982; Green et al., 1981). Nevertheless, we
cannot avoid speculating that the ability of a cell to execute an
asymmetric division is influenced by the amount of Hsp70A
within it. Perhaps the simplest model consistent with our
present findings is that, when present above some threshhold
level, an Hsp70A–GlsA complex acts to modify chromatin insuch a way that a gene product required to bring about a shift in
the division plane is produced.
Several predictions made by the foregoing hypothesis are
subject to test. Among the more obvious and easily testable
predictions are the following: (a) Hsp70A should accumulate
preferentially in the anterior hemisphere of 32-cell glsA
mutants, even though no asymmetric division will occur
subsequently (because functional GlsA is limiting). (b) The
temporal and spatial pattern of Hsp70A accumulation should
be modified in predictable ways following sexual induction
(which changes the temporal and spatial pattern of asymmet-
ric division in different ways in male and female strains;
Starr, 1970). (c) Inhibition of RNA synthesis in wild-type
embryos at the late 16- to early 32-cell stage should prevent
asymmetric division. (d) Mis-expressing or knocking down
expression of Hsp70A should alter the pattern of asymmetric
divisions. We hope to test some or all of these predictions in
the near future.
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